The development of facets on hemispherical single crystal substrates is investigated for growth in a near-equilibrium hot-wall CVD system, in order to study the orientation dependence of silicon crystal growth as a function of gas phase parameters in the Si-H-Cl system. It is found that only faces with indices (hhk) are stable. On the basis of their different behaviour as a function of experimental conditions, these faces are divided into {hhk}h >~and {hhk}h <~faces. The (III) and {001) faces have to he considered separately. From the experimental dependencies it is concluded that the adsorption of chlorine and hydrogen plays a dominant yet ambivalent role: it stabilizes the (001) and the {hhk} 5~, faces, hut destabilizes the (hhk}h k faces. In order to explain these effects, it has to be assumed that under CVD conditions dimer-like reconstruetions are present on all silicon faces. The interplay between surface dimer reconstruetions and adsorption processes also shows up in the kinetic roughening of the different faces at high supersaturations. Theoretical calculations of the probabilities of adsorption of growth species on the different faces are used to explain the differences in kinetic roughening of these faces and the observed change in orientation of growth hillocks on the (111} faces which occurs when the supersaturation is increased.
Introduction
after epitaxial silicon deposition with the Si-H-Cl CVD system. Fig. lb shows a schematical drawing In this paper we shall give a review of an of the same hemisphere. These figures demonexperimental study on epitaxial growth on hemistrate the three main categories of growth feaspherical single crystal substrates as a function of tures which can be found on practically all hemigas phase parameters in a near-equilibrium hotspheres after growth, viz.: (i) flat faces, i.e. parts wall CVD system [1] [2] [3] [4] .The experimental results of the hemisphere which are not curved in any will be interpreted on the basis of surface recondirection, (ii) macroscopic steps, i.e. hemisphere struction models and theoretical calculations of parts which are curved in one direction, and (iii) the adsorption probabilities of gas phase species parts of the hemisphere which are curved in all on the different faces, as reported earlier for the directions (the white regions in fig. ib ). Si-H CVD system [5, 6] . Some new insights are For all the growth conditions investigated in obtained from an extension of the adsorption our work, features (i) and (ii) were only observed calculations to the Si-H-Cl system. on parts of the hemispheres which correspond to the crystallographic K11O~zones. Figs. 2a to 2d show representative photographs of some of the 2. Review of experimental results observed flat faces. In table 1 all the experimentally observed flat The photograph in fig. la shows a representafaces are summarized. The crystallographic intive example of a silicon hemisphere resulting dices of the faces were derived from: (i) the angle of the face with the (111) face, which was meaing in the (112) directions, while at high supersured with the aid of a goniometer (accuracy: ca.
saturations the growth hillocks become bound by 0.1°; the (111) face can be identified easily bestraight steps moving in the (112) directions (see cause of its threefold-symmetric shape, see fig.  fig. 3 ). 2c); (ii) the position and the frequency of occurrence of symmetry-related faces. It has to be mentioned that we never observed flat {1 12) faces, 3. Theoretical aspects of the growth habit of silias reported by others [7, 8] , or flat faces with con crystallographic indices {lln}, where n > 3 (like (115} [9] ).
In accordance with the CVD results of others Table 2 gives a summary of our experimental [7, 8, 10 ,111, in our study only flat faces (or results on the occurrence and appearance of the macrosteps) with crystallographic indices (hhk} different faces as a function of CVD conditions, were observed. A reason for this is the high The observations which are the most remarkable, stability of the (110) periodic bond chains (PBCs), are:
which consist of nearest-neighbour covalent bonds (i) an increase in temperature has an opposite only and which build up the silicon (or more effect on the stability of the {hhk), > k faces and general: the diamond-type) crystal bulk structure the {hhk) 1 <k faces: the latter faces are only ob- [12] . According to a (first-order) PBC analysis of served above a certain transition temperature, the silicon crystal structure [121, however, only which depends on pressure and Cl-H ratio in the the (111) faces should be stable, flat faces. This is gas mixture, while the {hhk}/,>k faces become clearly in contradiction with experimental obserless stable at the higher temperatures;
vations, from which it can be inferred that bulk-(ii) for growth at high temperatures it is observed bonding (broken-bond) considerations alone do that the growth hillocks on the {lll) faces at low not give adequate descriptions of the surface supersaturation are terminated by straight steps structure of silicon during CVD. The reason for parallel to one of the (110) directions and movthis is that at the surface certain (de) stabilizing / 'C.'-.
-- interactions are present, which do not exist in the our estimation of its surface energy is only slightly bulk of the crystal. In the case of silicon these above that of Ranke's most stable dimer-reconare: structed configuration [15] , which confirms our (a) reconstruction and relaxation processes; prediction that in vacuum {1 l3} is one of the most (b) adsorption processes.
stable silicon faces because of the presence of In the following sections we shall discuss the surface dimers perpendicular to the (110) PBCs, consequences of these two categories of processes so that stable two-dimensional "connected nets" for the crystal habit of silicon.
[21] are obtained. Similar dimer reconstructions are likely to he present on all {hhk}hfaces and 3.1. The crystal habit of silicon under i'acuum might thus explain the high stability of these faces conditions: reconstruction processes also. Some experimental evidence seems to exist icr In order to understand the crystal habit of the presence of dimer reconstructions on several silicon as a function of growth parameters on an other faces also, e.g. on {l10} [22] , where dimers atomic level, detailed knowledge of the structure on the edges of surface islands can lead to much of the different silicon faces is essential. Unfortulower surface energies than in the broken bond nately, structural information on most of the silicase [31, as is illustrated in figs. 4a and h. The DB con faces which are of interest to us (especially density can he reduced by up to 50% by the the high-index faces) is still lacking. Some general presence of clusters with dimerized edges or even principles of surface stabilization can he derived by 67% by the presence of adatoms which cover from the studies reported up to now, though. The three DBs. However, the bonds in the smaller most important of these principles seem to he clusters or adatoms would have to he stretched [14, 15] :
substantially in order to obtain the required con-(i) stabilization occurs mainly by minimization of figurations, as is shown in fig. 4h . As bond the density of the so-called "dangling bonds" stretching above 5% is very unfavourahle. (DBs) on the surface, which can be accomplished adatoms as shown in fig. 4a will not he very by the formation of dimer bonds from two neighstable. The optimum cluster size will probably he bouring DBs(as is the case on the Si (00l)-(2 x I) in the region of 4 to S atoms, because the lower surface, see e.g. ref. [16] ) or by adatoms over size islands will suffer from considerable bond three adjacent DBs (like e.g. in the dimerangle strains, which were neglected in fig. 4h . adatom-stacking fault (DAS), model of Si (111 )-(7 Similar reasoning can be used to explain the high
stability of the other {hhk} 1, >~faces. Detailed
(ii) bond angle deviations away from the sp 3-hycalculations of the surface energy of these faces bridized optimum directions are less unshould give more insight into this matter, hut to favourable than bond stretching; the latter causes our knowledge have not yet been performed. too much stress in the surface layer if it becomes larger than about 5% [1Sf these latter two processes can very well be described by the 3.2. The crystal habit of silicon under CVD condiStillinger-Weher [181or related potential models tions. adsorption processes [19] .
In ref. [13] we have shown that, if principle (i) Although it is very hard to confirm experimenis applied to calculate the surface energies of tally, it is most likely that the above-mentioned {hhk} faces, surface dimer formation will, besides principles will also apply to silicon surfaces cxfor the {lll} faces, which are already stable withposed to CVD conditions. However, as (epitaxial) out any reconstruction, lead to very low surface CVD processes usually are performed at high energies for the (001} and the (113) faces also.
temperatures and high partial pressures of reacAlthough theoretical calculations [20] show that tive species, it is questionable whether all the our proposed structure for (113) is not very likely, reconstructions observed in UHV studies can cx- layers is no sinecure and attempts in this direc- scrihed with sums of two-and three-body interacvolved in the dimers, without the destruction of tions according to the Stillinger-Weber model the dimer bonds. For these conditions adsorption [18, 19] , while as an extra important contribution on (OOl)-(2 x 1) and (Ill) is very much alike: the to the bond strength of diradicals also the pairing coverage with H and Cl is high on both surfaces, energy was included. It was demonstrated that at all temperatures from 800 to 1600 K. On the when the bond strengths are defined in this way, other hand, the coverage with silicon species (i.e. a consistent description of the bonds in gaseous growth species) is low, which can be interpreted silicon hydrides is provided, which indicates that in terms of the existence of a nucleation barrier the method should be applicable to the adsorpon both faces, which again explains the observation processes with acceptable accuracy.
tion of flat (111) and (001) faces in the growth In the present study we have extended the experiments ( fig. 2 ). calculations to the Si-H-Cl system, using the It is found in the calculations that at the adsorption thermochemical data of table 3, which higher supersaturations species, which have the were derived with the method described above ability to form two or four bonds with the surface with the aid of thermochemical and spectroscopic atoms (especially Si 2), show a tendency to insert data from standard data tables [27] . In fig. 5 we into the dimer bonds on (001)-(2 X I). Thus, unshow the result of calculations for a gas phase der these conditions growth readily proceeds on composition which is representative for our cxthe (001) face. The layer growth of the face perimental conditions. In the calculations we have nevertheless remains, as the insertion of Si2 neglected the interactions which may exist bespecies into dimer bonds does not lead to extra tween the adsorbates (see e.g. ref. [23] ).
nucleation sites on the surface. This model cxSimilar to the previously reported results for plains the presence of smaller, but clearly observthe Si-H system, it is calculated that for low able (001) facets on the hemispheres at the higher supersaturations in the Si-H-Cl system adsorpsupersaturations (table 2) so high, that these steps become the fastest movtion of temperature, pressure and Cl/H ratio in ing, leading to hillocks bound by steps of the the gas phase was studied with the aid of herniother stable kind, i.e. (112) steps. This behaviour spherical single crystal specimens. It was conis exactly what was observed in the growth experieluded that the main factors governing the stabilments ( fig. 3 ; see also ref. [29] ), and also explains ity of silicon faces are: (i) the presence of (110) the kinetical roughening of the {hhk) 11> k faces, PBCs (which are entities of the hulk crystal strucbecause the terraces with dimer-reconstructed ture of Si); (ii) dirnerlike reconstructions; (iii) the edges, which these faces require to become stable adsorption of Cl and H, which leads to either ( fig. 4) , tend to disappear at the higher supersatustabilization (as was observed for the (001) and rations, the {hhk}, > k faces) or destabilization (as was Finally, the adsorption calculations can be used observed for the (hhk)1 <k faces at lower temperto explain the most remarkable observation that atures, higher Cl/H ratios and higher pressures). the (113) faces are stable only above a certain
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The observed high supersaturation effects, i.e. critical temperature, 7/a, which depends on the the change in orientation of the growth hillocks Cl/H ratio in the gas phase and on the pressure on (Ill) and the kinetical roughening of the (see table 2); below this critical temperature different faces, were interpreted in terms of the macroscopic steps parallel to one of the (110) different adsorption probabilities and configuradirections were observed in positions on the tions of growth species on the different steps and hemispheres corresponding to (113). Similar refaces. suits were found for the other (hhkL <k faces, where each of the faces has its own critical tern
